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Outline

= Single-velocity, single-temperature continuum/hydrodynamic/

Navier-Stokes equations
— small velocity and temperature differences

= Multicomponent Chapman-Enskog model for species diffusivity,

viscosity, and thermal conductivity in plasmas
— small departures from equilibrium

— frictional forces balance interspecies forces

— linear combinations of collision integrals

= Comparison with microphysics/ab initio data in binary mixtures
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Basic Hydrodynamic Equations in Miranda use
diffusion terms (shown w/o reactions or radiation)

= Species mass equation (ions): transport terms:
0 . er
5;‘ +Ve(pu+J,)=0, J, =p,(u,-u) species diffusion
= Momentum equation (mixture):
Jdpu .
ot Ve(puu+7)=-Vp+ pf viscous stress
= Internal energy equation (ion mixture):
dpe,
';)t’ +Ve (,06,-11 + qi) +p,Veu=t,:Vu heat conduction

+7.:(1.=T;) temperature

= (similarly for electron energy) coupling

Individual species equations would feature coupling terms K ;(u,-ugs) and y,,
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Species mass flux, stress, heat flux are
associated with diffusive transport coefficients

= Traditional down-gradient models

> J,~-pDVy_ Diffusivity Fick’s law

v T ~ n(vu +Vu' - %(V -u)l Viscosity Stokes’ law
3

> q~-KVT Thermal conductivity Fourier’s law

» A more sophisticated diffusion model of coupled species mass

and heat transport is used in Miranda

— single ion temperature

— no magnetic field

— macroscopic charge neutrality (MHD)

— special treatment of electron terms (Braginskii, Lee & More, ...)
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Coupled linear species mass and heat diffusion
model for ions (Chapman & Cowling, Burgers)

= (2N-1) x (2N-1) matrix for diffusion of N ion species can be
solved directly:

mass current

friction ' | cross
I% (‘j W ap pressure+electric driver
<—>T - — = —
¢ 0 r dT thermal driver
cross | thermal heat current
Jo =0V,
L o fluxes ¢Sk, r, +nhw,)

> K-w= ﬁp corresponds to classic Stefan-Maxwell equations
<> C matrix gives rise to thermodiffusion (Soret, Dufour) terms

There is no well defined diffusion coefficient for > 2 species.
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Coupled linear species mass and heat diffusion
model for ions (Chapman & Cowling, Burgers)

... orion diffusion can be solved in parts to extract standard
thermal diffusion coefficients:

inverse diffusion matrix

|—¢ thermodiffusivity
masscurrent| (K-C-O7-CHw = dp—C°@_1'dT
heat current F = O .aT _OL.CTw

thermal conduction

Series of N x N Q

Jo =PV,
matrix operations

v fluxes q-SuiT.r, +nhw,)

o a (04

There is no well defined diffusion coefficient for > 2 species.
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Matrix elements are linear combinations of
binary collision integrals Q(11) Q(12) ©(13) ((22)

-1 “ ,
16 oy 8 (Tm, )1/2 L 4F(£m) / ~Ing™ (“Coulomb log”)
n, ﬁ a/g’ of _5(2]{ T)3/2 n, /5 o /56 1002

10-

Stanton-Murillo curve fits for U

. . E =-3/2
= For a given thermodynamic state | ~
. . © 1= F(1,1)Pa
and charge states (EOS), collision % - o
integrals are evaluated from e 01| — Fuopa
. . » 1 —— F(2,2)Paq
Paquette cubic spline tablesor 5 o001 ___ riyom
(
(
(

screened Coulomb potentials | :: E;Ziiﬂi
. . . 0000(1) 001 001 0‘.|1 | 1I | 1IO 160 1000
" |n a.symmetrlc mixtures, bma.ry weakly 9=Agp/ Aett strongly
collisions can span the coupling coupled 5 _7 7 i coupled

range A = screening length

The collision integrals do not in general behave like slowly varying In A.
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Solution for binary diffusion in a plasma is
easier to diagnhose

= Solution for binary (o,p) species mass flux: ,
electronic terms

= - D .
JO‘ - _Jﬂ ey p = M(Vpa - yavp + Zane + kY("lo)t nikBVT;' + kY(”Zt) nekBV]-;)
kT x,x, 0 ) /

- |

interdiffusivity thermodiffusion coefficients

= Barodiffusion and thermodiffusion can drive

species separation in homogeneous mixtures : :
ion fractions
= For uniform total pressure, going from neutral to X, =~ ”+n
ionized increases the pressure driver in ideal fluids e
by an electronic “thermodynamic factor” Yo namaa+2ﬂmﬁ
0,=((2)+(z")/((Z)+(z))21. (Z")=xZs+x,2; il nznf "z,

There is no well defined diffusion coefficient for > 2 species.
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Comparison with binary diffusion in ab initio
calculations (Particle-In-Cell)

= PIC (LSP-Wilkes): Diffusion of similarity solution
D-Al interface in total pressure 20
equilibrium v '*
16 -] 000000 PIC
v diffusion enhanced by ionization °§ |
v rate of diffusion consistent with 212-
diffusivity model F- R NN
3 8-
= MD diffusivity and viscosity from 3
weakly to moderately coupled = 4l
homogeneous binary mixtures i
also agree well with the model, VN P eseng,
: : 6 -4 -2 0 2 4 6
esp. using Stanton-Murillo A ¢ X [um]
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A Hybrid lon Viscosity Model is used in the
hydrodynamics code

= Kinetic part from classical CE theory

5 NVes  MsYpe IOQSI;) 16n,m,;
ni=§na ) gnakBE=nagvaﬁ+%maﬁ( mﬁ - m, 39512/32) -1 ’ Vaﬁ=WQ£xﬂ)
5 ! 100
=32k, {E} (depends only on Q) T
= All N(N+1)/2 binary pairs of o Too00ey  — 5&%
- & | T=100 eV i
collisions need to be calculated g
5 10
= Ad hoc blend of kinetic theory (weak & % ™=
coupling limit) to Murillo’s (2008) oA T
Yukawa Viscosity Model (strong PN T
coupling limit) I B e
r,=—2—=13-65 o 02 04 06 08 1
gl d; X, (Ar mole fraction)

q q P4
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A variety of baro- and thermo-diffusion
effects arise in multicomponent mixtures

= Species separation in shock = Diffusion of H inhibited
(mostly barodiffusion) (baro+thermodiffusion)
307
: C
20—
f D, T
8 ]
'~§ g 10{ T
<o. o | D
) h = ]
£ ] £ o 2
20.2- ] H
-10]
Ot————7————T—— '207“‘|“‘|“‘
0.64 0.68 0.72 0.76 0.64 0.68 0.72 0.76
radius [mm] radius [mm]

1d : .
Eafpya(l-ya)dV=f(—Ja "Vy,)dV  species mixing rate

Diffusion model gives species separation but inaccurate shock structure.
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Barodiffusion: An excess of the heavy species
is left behind a reflected shock

= Shock in D+T mixture, cf. PIC simulations in Bellei et al. 2014

08 P— = Diffusion (linear) approximations
— 0 are invalid in strong shocks!
—— 0.8
506 [\ |
% a R ‘ 1 0.8
g \ ’ 506 ] t=29ns
204 N S ] — D
Moot = | 0.8
<:| - cnnl === T t=3.0ns
op b 1 / £ ] ] - T
0 0.05 0.1 0.15 4 3 §0.6
radius [mm] . ’ :E’0.4; ‘g 1
o2 o- 005 01 015 | |:> g
radius [mm] 2 0.4
0.2 T T T T T T T T T T T T T T |
. - 0 0.05 0.1 0.15 i
= Unlike MC, PIC, MD, no capability for radius [mm] "
— temperature separation and anisotropy 0 095 dius mm] 0

— kinetic effects
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Summary

= The multicomponent ion diffusion model in Miranda hydro
code requires calculation of all N(N+1)/2 binary collision terms

= No ad hoc mixing rules (for the kinetic theory part)
— blend with OCP viscosity models for WDM
— concoct hybrid models for conductivity, diffusion?

= Fair agreement for diffusivity & viscosity with microphysics

simulations in weak to moderately coupled binary mixtures
— lack of ion thermal conductivity or thermodiffusivity validation
— lack of ternary, quaternary, etc. mixture validation

= Modeling issues: fuel D.T....
— treatment of diffusion of material groups (D
— partially dissociated and ionized mixtures plastic C,H,0,...
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Extras

Species hydrodynamics equations are reduced
to single-velocity, single-energy equations

ip
@ LV -0
Pl (p,u,)

%*‘V.(pauaua +Ta) = _Vpa +pafa +EFO!/3
B

ﬁP;tea +Ve(p.en,+q,)+p,Vou,=7,:Vu,+ Y0,
— ;

0’)20: +Vo(pau+Ja)=O lou:;paua
dou
ot
ope

?+V°(peu+q)+pV°u=t:Vu

+Ve(puu+7)=-Vp+pf pe=§paea

Individual species equations would feature coupling terms K ;(u -u
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Extras

Coupled species mass and heat diffusion model
Chapman-Enskog (Chapman & Cowling, Burgers)

Friction & heat exchange terms balance interspecies forces
EKaﬁ (W, —Wj)+ E(Caﬁrﬁ -Cyx,)=-Vp,+y,Vp+n.eZ E
B B

TaEi = Tz ? B = 0
B~ S Aty + 3 Co - W)=k, VT,
B B
J. =PV, ¢ )
fluxes _
q g(nakBTa L, +1oho W) “enthalpy diffusion”

Center-of-mass constraint >p,w,=0

Macroscopic charge neutrality, current 27,Z,=0, Xn.Z.ew,=j

Electron terms are treated separately (Lee & More, Braginskii),
and electric field eliminated in terms of Vp, using m_<<m,
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Extras

Friction coefficients, 1t approximation
(Chapman & Cowling, Burgers)

= Matrix elements are linear combinations of collision integrals

(12)
ap = = Nap 2 ap ~ g Cap o .
5 " (m,+my) 5 > Ly
2o K 4 5 (Q QU
B == T 3m + myzl +—m mzl, Zgp =52 ?1/31> - agn
5% (m, +my) 5 2 Ry Mg
C _ K maZaﬁ 4 9512/32)
af af (m +m ) Zaﬁ - Q(ll)
a [ op
6 m m
(an =« P
Kop = 1algMeQ0p Map =
m, +m,

= For N species, N(N+1)/2 binary pairs of each collision integral
must be calculated; these are also used for viscosity
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Extras

Comparison with binary diffusion in ab initio
calculations (Yukawa Molecular Dynamics)

* Diffusion and viscosity Diffusion in 90% D, 10% Ar, T=100 eV
coefficients (Green-Kubo) 0.3 ST
1y SM
from homogeneous D-Ar 3 & " || o D2 MD)
. . . 0.1 = «
mixtures (Haxhimalietal.) '] = 5 || o D12(MD3)
Né’ ] A D12 (model)
= Self-diffusivity in mixture = o O D1 (model)
. = o D2 del
from quaternary solutions 2 o z © b2 (model)
5 0.014 X v D12D (model)
<«—> self-diffusion | ° °
@
D D . e |
1|nterd|ffu3|on co2t+—rm—prm
Ar Ar 0 5 10 15 20
Z, (Argon charge)
. _ZZe e
= Tests of Darken relation D, ~x,D, +x,D, L=y =000

Binary diffusion model gives good agreement with ab initio data.

. . 4\
Lawrence Livermore National Laboratory N A‘S&i‘\ 18
National Nuclear Security Administration

LLNL-PRES-687417




Extras

Species separation is observed in shocks
due to baro- and thermo-diffusion

= Species separation in shocks
— Observed in MC simulations (Bird) and lab exp’ts in neutral mixtures
— Observed in PIC (Bellei) and MD (MacKay) in plasma mixtures
— Single-temperature description cannot capture detailed shock structure
like temperature separation, anisotropy, and kinetic effects
— Diffusion (linear) approximations are invalid in strong shocks!

« Steady M=10 shock

« Z=1,T=1eV

* lon shocks are
observed to be much
broader in ab initio
simulations

number / A3

2.5

1 "H-20H4

number fraction

0.8

o
7
.

0.01 0.02 0.03 0.04 0.05
distance from wall [ym]
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